Vaccinia virus mRNAs carry the cap structure mTGS'pppAm -or mTGS'pppGm -at the 5'-terminus, which is synthesized by a series of RNA polymerase and capping enzymes contained in the virus particle. The process of the cap formation at the 5'-terminus of mRNA was studied using an in vitro system under similar conditions to those of vaccinia virus multiplication in its host cell. After adding a methyl-group donor, methyl-3H-S-adenosylmethionine, the oligonucleotides, which were the de novo synthesized 5'-terminal part of mRNA, were isolated from the RNAsynthesizing virion at appropriate time intervals, and were analysed. The 5'-5' confronting nucleotides with 2'-O-methylation, GS'pppAm and GS'pppGm, were found with the completed cap structure, mTGS'pppAm and mTG5'pppGm. The confronting nucleotides with only 7-methyl guanine as a methylated component, m7GS'pppA and mTGS'pppG, were not detected at any incubation time, and it was concluded that methylation at the T-position of the 5'-terminal purine nucleoside of mRNA precedes methylation of the 7-position of the blocking guanosine. This result is different from that obtained using the enzymes isolated from vaccinia virus (Moss et al., 1976) and also from the results obtained using other kinds of virus particles, which carry RNA polymerase and capping enzymes. These differences may be due to the specific organization of a series of capping enzymes and RNA polymerase in each virus particle.
INTRODUCTION
Vaccinia virus carrying a double-stranded DNA as a genome contains its own RNA polymerase for transcription and a series of enzymes relating to the modification of mRNA. The completed mRNAs carry the cap structure at the 5'-termini in the forms of mVGS'pppAmand mVGS'pppGm- (Wei & Moss, 1975; Urushibara et al., 1975; Miura et al., 1975a, b) , identical to that found originally in silkworm cytoplasmic polyhedrosis virus . In the first paper on the 5'-capped structure of vaccinia mRNA, the number of phosphates in the capped structure was reported to be two , although the number of phosphates had not been determined definitely. Careful investigations by incorporation of 32P-phosphate from the precursor nucleoside polyphosphates subsequently showed the number of phosphates to be three (Miura et al., 1975 a, b) . Moss et al. (1976) and Venkatesan et al. (1980) , using the enzymes solubilized from vaccinia virions, showed that cap formation was a step-wise process. In this paper, the process of cap formation has been studied using native vaccinia virus panicles under conditions similar to those in which the virus multiplies in the cell.
METHODS

Purification of vaccinia virus.
Vaccinia virus (Lister strain) was grown in monolayers of baby hamster kidney cells, harvested by shaking the bottle and concentrated by centrifugation at 30000 rev/min for 30 min in a Hitachi ultracentrifuge using an RP 50-2 rotor. The precipitate was suspended in hypotonic buffer (15 mM-KC1, 1.5 mM-MgC12 in 10 mM-tris-HC1, pH 7-4) by sonication at 160 W for 3 min in a Kubota Insonator 200 M. The resulting suspension was retained for 1 h at 4 °C, and then sonicated again. Cell debris in the suspension was removed by spinning at 1000 rev/min for 10 min. The crude virus suspension was layered over a 25 to 65 % (w/v) sucrose gradient prepared in a centrifuge tube and spun at 18000 rev/min for 30 min in an RPS 25 rotor. Vaccinia virus, seen as a white band at the middle of the gradient, was collected. Virus particles were then precipitated by spinning at 30000 rev/min for 30 min in an RP 50-2 rotor. This purification process was repeated if necessary. The purity of the vaccinia virus particles was surveyed by electron microscopic observation.
Formerly, vaccinia virus had been purified by treatment with dichlorodifluoroethane Daiflon $3 (Daikin Kogyo Co., Osaka, Japan) to activate enzymes in the virus particles . With Daiflon treatment, however, reproducible results were not obtained, and the enzyme activity of the virus particles disappeared rapidly. Therefore, virus particles purified only by centrifugation were employed in this series of experiments. Non-ionic detergent added to the reaction mixture for mRNA synthesis (see the following section) caused sufficient activation of the virus particles for synthesis and modification of mRNA. Triton N101 (purchased from Nakarai Chemicals, Kyoto, Japan) showed the best results for mRNA synthesis among several commercially available detergents.
Synthesis and isolation of mRNA and its precursors. The in vitro RNA synthesis of vaccinia virus was carried out under the modified conditions previously described , which were basically the same as the method of Kates & Beeson (1970) .
The complete reaction mixture was as follows: 5 mM-MgC12, 10 mM-2-mercaptoethanol, 5 mM-ATP, 2.5 mM-CTP, 2-5 mM-GTP, 2.5 mM-UTP, 0.5% non-ionic detergent N101, 0.2 mCi/ml methyl-3H-S-adenosyl-L-methionine (SAM) (15 Ci/mmol), and 65 ~tg/ml vaccinia virus in 50 mM-tris-HC1 buffer, pH 8.5. The mixture was incubated at 37 °C for the indicated periods. Although the incubation temperature was 31 °C in our previous experiments, as wall as in those of Kates & Beeson (1970) , the incubation was performed at 37 °C in the present experiments in order to use conditions similar to those of vaccinia virus multiplication. Based on re-examination of the substrate requirement, about twice the amount of four nucleoside triphosphates was added to the reaction mixture compared with the previous work . The reaction was stopped by adding 10% SDS to a final concentration of 0-2%, then the mixture was heated at 80 °C for 5 min in a water bathto completely release the oligonucleotides and polynucleotides produced in the virus particles.
Enzymic digestion. Digestion with Penicillium nuclease P1 was carried out with 430/tg/ml enzyme in 5 mM-acetate buffer, pH 5.7, at 37 °C for 1 h. Digestion with snake venom phosphodiesterase (PDase) was carried out with 4-5 units/ml enzyme in 50 mM-phosphate buffer, pH 7.3, containing 4 mM-MgC12, at 37 °C for 1 h. Digestion with bacterial alkaline phosphomonoesterase (PMase) was carried out with 13 units/ml enzyme in 100 mM-tris-HC1 buffer, pH 8, at 37 °C for 2 h.
Column chromatography. DEAE-cellulose (DE52) column chromatography, 0.6 × 10 cm, was carried out in 7 M-urea, 20 mM-2-(N-morpholino)ethanesulphonic acid monohydrate (MES)-NaOH, pH 6.5. Elution was performed with an NaC1 gradient from 0.05 to 0.3 M (80 ml each). A sample was co-chromatographed with an RNase A digest of E. coli rRNA as oligonucleotide markers. Fractions of 2 ml were collected. Radioactivity was measured by counting 0-5 ml of each fraction in methyl cellosolve-dioxane-based scintillation fluid. For desalting, a combined fraction was diluted 10 times and run on a column of DEAE-Sephadex A-25, 0.6 x 4 cm, equilibrated with triethylamine bicarbonate (TEABC). After extensive washing with 0.05 M-TEABC, the material was eluted with 7 ml 2 ~.:-TEABC and freeze-dried.
Anion-exchange column chromatography, AG 1, chloride form in distilled water, with a column size of 0-6 x 15 era, was used for identification of the nucleotides and cap components. An NaC1 gradient from 0.05 to 0.3 M (80 ml each) in 0.01 M-HC1 was used for the separation of the cap structures with authentic markers: ADP, GDP, ATP and GTP. An HC1 gradient from 0 to 0.05 M (80 ml each) was used for the separation of methylated nucleotides with authentic markers: 7-methylguanosine-5'-monophosphate (pmTG), 2'-O-methyladenosine-5'-monophosphate (pAm) and 2'-O-methylguanosine-5'-monophosphate (pGm). In all cases, 2 ml fractions were collected and radioactivity was estimated as described above.
For the preparation of mRNA, gel filtration on a Sephadex G-100 column, 1.2 x 40 cm, was performed to separate it from low mol. wt. materials. The conditions were reported in detail previously .
Paper chromatography. Nucleoside samples were streaked on Whatman 3 MM filter paper and chromatographed in the ascending mode with n-butanol:n-propanol:boric acidsaturated water (1:3:1, by vol.). Radioactivity was estimated by counting water extracts from each 1 cm slice of paper in methyl cellosolve-dioxane-based scintillation fluid.
Sources of materials. Methyl-3H-SAM and 5,6AH-UTP were obtained from The
Radiochemical Centre (Amersham, U.K.). Unlabelled nucleoside di-and triphosphates were obtained from Boehringer (Mannheim, F.R.G.), methylated nucleoside monophosphates were from P-L Biochemicals (Milwaukee, Wis., U.S.A.) and 7-methylguanosine-5'-monophosphate was a gift from Dr Masao Hattori. Enzymes were purchased from Worthington Biochemical Co. (Freehold, N.J., U.S.A.), except for nuclease P1 from Yamasa Shoyu Co.
(Choshi, Japan).
RESULTS
mRNA synthesis and methylation
The time courses of RNA synthesis at different reaction temperatures, as indicated by incorporation of 3H-labelled UTP, are shown in Fig. 1 with those of methylation, indicated by incorporation of the 3H-labelled methyl group from SAM to RNA. The kinetics of both RNA synthesis and methylation were similar. Methylation proceeds a little faster than RNA synthesis at lower temperature. This suggests that methylation occurs at a very early stage of mRNA synthesis.
Accumulation of precursor oligonucleotides in mRNA synthesis
In order to follow methylation in the early stages of RNA synthesis, the de novo synthesized oligonucleotides, which constitute the Y-terminal part of the completed mRNA, were analysed. The in-vitro mRNA synthesis with the addition of methyl-3H-SAM was stopped at various time intervals by adding SDS, which also releases RNA and oligonucleotides synthesized as mRNA precursors. Then, nucleotide chains with lengths up to approx. 10 were separated by DEAE-cellulose-urea column chromatography as shown in RNA synthesis. The incorporation of 5,6AH-uridine 5'-triphosphate into a polynucleotide at the times indicated was measured at different reaction temperatures. The complete reaction mixture was as follows: 5 mM-MgCI 2, 10 mM-2-mercaptoethanol, 5 mN-ATP, 2.5 mM-CTP, 2.5 mN-GTP, 0.1 mM-UTP, 0.5 % N101, 10/tCi/ml 5,6AH-UTP (54 Ci/mmol), and 65/lg/ml vaccinia virus in 200/A 50 mN-tris-HCl buffer, pH 8-5, incubated for the indicated periods. The reaction was stopped by adding 2 ml 10 % trichloroacetic acid (TCA) with agitation. The reaction mixture was stood on ice for at least 15 rain, then the acid-insoluble component in the mixture was collected on a Whatman glass fibre paper GF/A by filtration. The filter paper was washed with 50 rnl 5 % TCA. After drying, radioactivity on the paper was measured in toluene-based scintillation fluid. sample to another. Radioactive fractions corresponding to each oligonucleotide were collected and desalted for further analysis.
Analysis of cap structures attached to the Y-terminus of isolated oligonueleotides
The composition of the cap structures attached to the 5'-terminus of isolated oligonucleotides was identified as follows. All the desalted radioactive materials were digested with nuclease P1 to yield the 5'-5' confronting nucleotides. One-half of each digest was placed on to an AG 1 column and chromatographed. Fig. 3 shows the analytical results for six radioactive components obtained from the sample after 6 h incubation (see Fig. 2 ). Every figure shows two early radioactive peaks, which correspond to the two complete cap structures, and are indicated as mTGpppAm and mTGpppGm respectively in Fig. 3 , and also shows two unknown radioactive peaks, eluted later, which are indicated as GpppAm and GpppGm respectively according to the analysis mentioned in the following section. These four radioactive peaks appeared in all the chromatographs of the nuclease Pa digests of oligonucleotides (see Fig. 2 ). The ratios of these four components in Fig. 3 
Analysis of the methylated cap components
To confirm the composition of the methylated nucleotides in the four kinds of 3H-methyl-labelled materials shown in Fig. 3 , these materials were collected and desalted. Each radioactive material was digested with venom phosphodiesterase to split it into the 5'-nucleotides. The digest was analysed by AG 1 column chromatography in comparison with authentic methylated nucleotides. As shown in Fig. 4 , complete cap structures contain two methylated nucleotides, pmVG and pAm, from mTGpppAm (Fig. 4a) , and pmTG and pGm from mTGpppGm (Fig. 4 b) . On the other hand, the two unknown radioactive materials seen in Fig. 3 contain only a single methylated nucleotide which corresponds to 2'-O-methylated nucleotide pAm (Fig. 4c) or pGm (Fig. 4d ), but they do not contain any pmTG radioactivity. Thus the two unknown cap components in Fig. 3 were identified as * As a complete cap structure carries two radioactive methyl groups whereas an incomplete one has only one, the proportion was calculated with a half of the observed radioactivity of the complete cap structure. Nucleotide chain length increases one by one with increasing peak number, as indicated in the table. However, oligonucleotides with the complete cap structure are longer by one nucleotide than oligonucleotides with the incomplete cap structure, even though they were collected in the same peak, because of cancelling of one negative charge of phosphate by a positive charge of m7G.
t Ratio of guanosine-start to adenosine-start mRNAs (total of the complete and incomplete caps). :~ Ratio of incomplete to complete cap structures (total of adenosine-start and guanosine-start). GS'pppAm and GS'pppGm respectively. Regarding the number of phosphate groups contained in these components, the negative net charge deduced from the position on chromatograms explains the presence of three phosphates between two confronting nucleosides. As the net charge did not vary before or after phosphomonoesterase treatment, it was confirmed that these three phosphates are in the blocked state.
Analysis of the cap part in various oligonucleotides under chain elongation
The other half of each nuclease PI digest of the oligonucleotides (see Fig. 2 ) was subjected to digestion with venom phosphodiesterase. Each digest was analysed by AG 1 column chromatography and compared with authentic markers. The six figures in Fig. 5 correspond respectively to the six figures in Fig. 3 of the nuclease P1 digests. In the case of a complete cap structure of mature mRNA, radioactivity of pm7G was approximately equal to the sum of radioactivity of pAm and pGm . However, in the case of immature oligonucleotides, radioactivity of pmTG is less than the sum of the radioactivity of pAm and pGm.
Here it was necessary to check the instability of pmVG under the experimental conditions, as it has been reported (Haines et al., 1962 ) that the half-life period of 7-methylguanosine Fig. 4 and 5 was analysed to examine the contamination by pmVG '. The fractions around pGm in Fig. 4 and 5 were treated with phosphomonoesterase and the resulting nucleoside materials were chromatographed on a paper as described in Methods. In this system, mTG ' is completely separated from Gin, as shown by bars. The 3H radioactivity coincided completely with Gin. (mTG) at pH 9 was about 2 h and mTG was converted to 2-amino-6-hydroxy-5-
N-methylformamido-4-(N-fl-ribofuranosylamino)-pyrimidine
(mTG ') with the loss of a positive charge at the 7 position of guanine. The phosphate ester of the degradation product (pmTG ') was eluted at the same position as pGm on AG 1 column chromatography (Fig.  6 a) . To determine the contamination by pmTG ' of the pGm fraction, radioactive materials near the peak of pGm in Fig. 5 were collected, desalted and treated with phosphomonoesterase before examination of the material by paper chromatography. The results are shown in Fig. 6 (b) . No radioactivity was detected at the position of mTG '. The careful desalting and enzymic digestion employed here were not responsible for the degradation of the imidazole ring of 7-methylguanosine and its phosphate ester. T. URUSHIBARA, C. NISHIMURA AND K. MIURA
Analysis of cap structures in mature mRNA
As the mature mRNA is released from vaccinia virus particles, it was extracted by centrifugation from the 6 h incubation mixture to separate it from virus particles. Then the supernatant was charged onto a Sephadex G-100 column and mature mRNA was separated from substrates as shown in Fig. 7 (a) . The mature mRNA was precipitated by adding ethanol. The mRNA fraction was digested with nuclease P1, and the cap components were analysed by AG 1 column chromatography as shown in Fig. 7(b) . Here again the presence of two cap components, mTGS'pppAm and mTGS'pppGm, was confirmed, but no other radioactive component was detected. This shows that mTGS'pppAm and mTGS'pppGm are the completed cap structures in vaccinia mRNAs, and the components lacking methylation at the 7 position of guanine, GS'pppAm and G 5'pppGm, which are shown in preceding sections for oligonucleotides, are the intermediates in the process of the cap formation.
DISCUSSION
In this work, the process of formation of the cap structure attached to the 5'-terminus of vaccinia virus mRNA synthesized in vitro with the virus particle itself was studied. Since the methylation of the vaccinia virus mRNA seems to occur at an early stage of mRNA synthesis (Fig. 1) , it was attempted first to obtain oligonucleotides which are present in the initial stage of mRNA synthesis. Limited synthesis of the terminal part of mRNA, which was employed in a study of the process of cap formation at the 5'-termini in mRNAs of cytoplasmic polyhedrosis virus (CPV) (Shimotohno & Miura, 1976) , was not applicable to vaccinia virus, since the rate of synthesis of oligonucleotides (mRNA precursor) in vaccinia virus is much lower than that of CPV. As shown in the mRNA synthesis experiment (Fig. 2) , accumulation of newly synthesized oligonucleotides in vaccinia virus continued beyond 6 h incubation in a complete reaction mixture. Thus oligonucleotide samples with different chain lengths were obtained in an ordinary system for mRNA synthesis in vitro. Analysis of the cap structure of these oligonucleotides showed that every oligonucleotide fraction involves four kinds of cap structure: two incomplete cap structures methylated only at the 2' position of the ribose in the 5'-terminal nucleotide, and not methylated at the 7 position of the base in the blocking guanylic acid, GS'pppAm and GS'pppGm; and two complete cap structures methylated both at the 2' position and the 7 position, mTGS'pppAm and mTGS'pppGm. In other words, both the completed cap structure mTGS'pppRm and an incomplete one GS'pppRm were detected in the newly synthesized oligonucleotides, but mTG~'pppR was not. This indicated that GS'pppRm is an intermediate form of the complete cap mVGS'pppRm under these experimental conditions, and that methylation at the 7 position of the blocking guanosine occurs after the 2'-O-methylation.
It has been suggested that methylation may. be essential for mRNA chain elongation (Furuichi, 1974) . However, this is not true for in vitro synthesis of vaccinia virus mRNA. As mentioned before, mRNA synthesis in vitro by vaccinia virus was not dependent on the concentration of SAM; therefore, methylation of nucleotide was not critical for the reaction. In our experiment, addition of SAM to the complete reaction mixture for mRNA synthesis caused a slowing down of the reaction speed .
Moss et aL (1976) and Venkatesan et aL (1980) reported a different process for in vitro formation of the cap structure of vaccinia mRNA using the isolated enzymes from a vaccinia virion. In their case, methylation at the 7 position in the base of a blocking guanylic acid precedes methylation at the 2' position in the ribose of a starting purine nucleotide in mRNA. The difference from the data presented here using a virion itself seems to depend on the organization of a series of enzymes which are related in cap formation including methylation and RNA synthesis. These enzymes must be well organized in a virus particle, so that the process of formation of the cap structure proceeds in a definite order such as in a conveyor-belt system. The modes of cap structure formation in the core of a virus particle are different in the few cases which have been studied. In the case of vesicular stomatitis virus, which carries one negative-strand RNA complementary to mRNAs (Banerjee et al., 1977) , mRNA synthesis starts from transcription of the leader RNA sequence and proceeds to the 5'-terminal part of the first mRNA. There, the de novo mRNA is split at the definite nucleotide sequence, a blocked structure is made by conjunction of GDP, and then methylation occurs at the N 7 and 2' positions. In the case of cytoplasmic polyhedrosis virus, which carries segmented double-stranded RNAs (Shimotohno & Miura, 1976 ), the 5'-5' confronted nucleotide GS'pppA is made by conjunction of the GMP part in GTP to ppA, the N 7 of G is methylated. After this, the RNA chain is elongated by a few nucleotides and then the 2' position of A is methylated. In the case of reovirus, which carries segmented double-stranded RNAs (Furuichi et al., 1976) , synthesis of the dinucleotide of the 5'-terminus of mRNA precedes the formation of the blocked structure by the GMP part in GTP. Then methylation at the N 7 and 2' positions occurs without chain elongation of mRNA. The process of formation of a cap structure in vaccinia virus under natural conditions is different from any of these three modes due to the differences in organization of the enzyme system related to cap formation and RNA synthesis.
